Idebenone, a synthetic analogue of coenzyme Q, attenuates noiseinduced hearing loss by virtue of its antioxidant properties. This study involves a guinea pig model of acoustic trauma where the e¡ectiveness of idebenone is analyzed in comparison with Vitamin E (a-tocopherol) that exhibits a potent antioxidant activity in the inner ear. Idebenone and vitamin E were injected intraperitoneally 1h before noise exposure and once daily for three days; functional and morphological studies were then carried out, respectively, by auditory brainstem responses evaluation, scanning electron microscopy and terminal deoxynucleotidyl transferase-mediated dUTP nick end labelling assay identi¢cation of missing and apoptotic cells was also performed. The results showed that the protective e¡ects of idebenone and vitamin E were not additive implying that the two antioxidants may share competitive mechanisms.
Introduction
For now, antioxidant therapy offers a potential approach to attenuate noise-induced hearing loss (NIHL) as demonstrated in several animal models and noise exposure paradigms [1] [2] [3] [4] . In an earlier paper, the authors showed that idebenone (IDB) [2,3-dimethoxy-5-methyl-6-(10-hydroxydecyl)-1,4-benzoquinone] significantly prevents the initial noise-induced cochlear damage, decreasing the compound action potential threshold shift a day after noise exposure, thus reducing the amount of hair cell loss in the early stage of the cell death pathway [5] . IDB, a synthetic analogue of coenzyme Q, is a first-choice drug for antioxidant intervention in free radical-mediated diseases that are thought to originate from increased generation of free radicals and insufficient antioxidant defenses [6] [7] [8] . In addition, IDB protects biomolecules by intercepting free radicals in both aqueous phases and lipid-water interfaces and distributes readily in tissues and fluids [9] . Earlier studies provided evidence that vitamin E (a-tocopherol) protects hair cells from oxidative damage [10] [11] [12] [13] . Vitamin E is a major lipidsoluble chain-breaking antioxidant found in membranes; extensive data support a role for vitamin E in cardiovascular diseases [14] , supplementation with vitamin E or its hydrosoluble analogue, trolox, has been proven to be neuroprotective in NIHL [2] . Vitamin E acts as an antioxidant not only alone, but also in combination with other antioxidants [15] . This study considered that the two antioxidants IDB and vitamin E, also by virtue of their different solubility, may act synergistically when combined and thus protect the organ of Corti from NIHL.
Materials and methods
The care and use of animals followed the animal welfare guidelines of the School of Medicine, Catholic University of Rome (UCSC), and were approved by the Italian Department of Health (Ministero della Salute). All surgical and noise exposure procedures were performed under anesthesia (ketamine hydrochloride, 25 mg/kg; xylazine, 5 mg/kg; acepromazine maleate, 1.5 mg/kg).
Experimental groups
A total of 52 adult Hartley albino guinea pigs (age 3 months), with normal Preyer's reflex, were exposed to noise and randomized to the following groups: noise control group without treatment (n¼8), noise control animals with IDB vehicle, dimethyl sulfoxide (DMSO) (n¼6), noise control animals with vitamin E vehicle, corn oil (n¼6) (same doses at the same time points), IDB group animals treated with idebenone (n¼8), vitamin E group animals treated with vitamin E (n¼8), IDB plus vitamin E group (n¼8) and IDB + 1/2 dose vitamin E group (n¼8). Treatment was performed 1 h before noise exposure and once daily for 3 days thereafter. IDB (Takeda Chemical Industries, Osaka, Japan) dissolved in DMSO, was injected intraperitoneally at a dose of 5 mg/kg body weight, vitamin E (synthetic vitamin E, called a-tocopherol acetate-Evion, Bracco Farmaceutici, Milano, Italy) was injected intramuscularly at a dose of 1360 IU/g, dissolved in corn oil (10 mg/ml) either at dose of 100 or 50 mg/kg body weight. All animals were sacrificed after functional evaluation with a lethal dose of anaesthetic: three animals for each group at day 1 for immunolabeling and the remaining five animals at day 21 of which three were further processed for scanning electron microscopy (SEM).
Noise exposure
As described earlier [5, 16] , acoustic trauma was induced by a continuous pure tone of 6 kHz generated by a waveform generator (Generator LAG-120B, Leader Electronics Corp, Yokohama, Japan) and amplified by an audio amplifier (A-207R, Pioneer Electronics, Long Beach, California, USA). All animals, under anaesthesia, were exposed for 40 min to a 6 kHz, 120 dB SPL (Sound Pressure Level) sound presented in an open field (dome tweeter TW340 Â 0, Audax, Chateau du Loir, France).
Electrophysiological measurements of auditory function
Auditory brainstem responses (ABR) were measured before noise exposure and 1 h, 3 days, 7 days and 21 days after noise exposure. Animals were mildly anaesthetized and placed in a soundproof room. Three electrodes were subcutaneously inserted into the right mastoid (active), vertex (reference) and left mastoid (ground). A computercontrolled TDT System 3 (Tucker-Davis Technologies, Alachua, Florida, USA) data acquisition system with realtime digital signal processing was used to record the ABR and to generate the auditory stimulus. Tone bursts of pure tones ranging from 2 to 24 kHz (rise/fall time, 1 ms; total duration, 10 ms; repetition rate, 20/s) were presented monaurally in an open field. Responses were filtered (0.3-3 kHz), digitized and averaged across 500 discrete samples at each frequency-level combination.
Morphological studies: scanning electron microscopy SEM analysis was performed as described in earlier papers [5, 10] . Briefly, the cochleae (n¼3) of three animals for each group were perfused with 2.5% glutaraldehyde in 0.1 M phosphate buffer and post-fixed overnight and then incubated for 2 h in 2% osmium tetroxide cacodylate buffer. After micro-dissection, the cochleae were dehydrated with increasing concentrations of ethanol from 30 to 100% and dried in the critical point and finally coated with gold. Each specimen was viewed and photographed by means of a Zeiss Supra 50 Field Emission SEM apparatus (Carl Zeiss Inc., Gö ttingen, Germany). Quantitative SEM observations of the surface morphology of the organ of Corti were performed by determining the number of hair cells in 20 segments (1 mm length of basilar membrane each). A hair cell was counted as missing if the stereociliary bundle was absent or the stereocilia of the bundle were completely fused. Results of hair cell counts were expressed as the percentage of remaining hair cells in each row of inner hair cells and outer hair cells over the entire length of cochlea. Results are presented as mean values.
Terminal deoxynucleotidyl transferase mediated dUTP nick end labelling assay The cochleae (n¼3) of three animals for each group were stained by using TUNEL (terminal deoxynucleotidyl transferase-mediated dUTP nick end labelling) assay (Molecular Probes, Inc., Carlsbad, California, USA) as described in an earlier study [5] . Briefly, the cochleae were fixed with 10% formaldehyde in 0.1 M phosphate-buffered saline (PBS), pH 7.3. After micro-dissection, surface preparations of the organ of Corti were incubated in ice-cold 70% (v/v) ethanol overnight and then in freshly prepared DNA labelling solution containing 10 ml of reaction buffer, 0.75 ml of TdT enzyme, 8.0 ml of BrdUTP and 31.25 ml of dH 2 O for 16 h at room temperature. The tissues were then stained with Alexa Fluor 488 dye-labelled anti BrdU antibodycontained in the TUNEL assay kit (Molecular Probes Inc., Carlsbad, California, USA) (5 ml of antibody plus 95 ml of the rinse buffer) at room temperature for 1 h. The organs of Corti were double stained with propidium iodide (5 mg/ml in 10 mM PBS) for 20 min at room temperature. After rinsing in PBS, the organs of Corti were mounted on slides containing an anti-fade medium (Prolong Gold, Molecular Probes, Inc.). Specimens were observed using confocal laser scanning microscopy (Leica TCS-SP2, Leica Inc., Wetzlar, Germany).
Statistical analysis
Statistical significance of data (threshold shift and cochleogram) was calculated by a three-way repeated-measures analysis of variance. When significant differences were found with the overall analysis, post-hoc comparisons were assessed with Tukey's test (Statistica, Statsoft, Tulsa USA).
Results

Auditory functional evaluation
Prenoise exposure baseline threshold values did not differ among groups and a similar pattern of hearing loss was observed across the noise-exposed groups. During recovery, the rate of threshold shift in noise controls and in exposed/ treated groups showed a similar trend.
Comparison of data (group, frequency) revealed a statistical significance [F(6-120)¼129,86 Po0.05]. The greatest hearing loss was within the 6-12 kHz region centred around the frequency of noise trauma. Similarly, comparison of data group, frequency group and day group among noise control animals and protected groups was statistically significant [F(4-20)¼107,68 Po0.05]. No differences were observed among noise controls and groups with vehicles like DMSO and corn oil (data not shown). The ABR threshold shift measured at 1 h, 3 days, 7 days and 21 days was statistically significant among all the groups [F(4-80)¼740,7 Po0.05]. At time point 1 h after noise exposure ( Fig. 1 1 h) , the IDB group showed a protection of around 15-20 dB with respect to noise controls, a similar threshold shift was observed in group IDB + vitamin E. At day 3 ( Fig. 1  day 3 ), ABR threshold shift was significantly attenuated in all groups (post-hoc analysis Po0.05) with respect to control groups, however, the greatest attenuation in threshold shift (40 dB) was observed in groups vitamin E and IDB + vitamin E. There was a slight difference between groups IDB + vitamin E and IDB + 1/2 dose vitamin E and between groups IDB and vitamin E; specially the former two groups recovered almost completely at 2-4 kHz and the threshold shift decreased to 10-15 dB at 6, 8 and 12 kHz. In the measurements at day 21 ( Fig. 1 day 21) , the smallest permanent impairment was observed in the animals pretreated with the full dose of vitamin E (group vitamin E). In post-hoc analysis, no statistical significance was, however, observed between group vitamin E and group IDB + vitamin E (P¼0.41) and between groups IDB + vitamin E and IDB + 1/2 dose vitamin E (P¼0.24).
In conclusion, the overall functional results showed that IDB treatment (group IDB) significantly provided protection during the peritraumatic period whereas vitamin E group and combinations of vitamin E and IDB significantly attenuated long-term hearing loss.
Morphological observations: scanning electron microscopy and terminal deoxynucleotidyl transferase mediated dUTP nick end labelling assay SEM and TUNEL evaluations were carried out by comparing data from treated groups and noise control group; no significant differences were observed in groups with vehicle DMSO or corn oil, indicative that the vehicles did not protect against NIHL, thus these data are not shown.
Cochleograms and SEM for each group are shown in Fig. 2a . Post-hoc analysis revealed significant differences between noise control group and each treated group, such as group IDB and group vitamin E, group IDB and group IDB + vitamin E, group IDB and group IDB + 1/2 dose vitamin E (Po0.05). When comparisons were relative to group vitamin E, treatment with IDB+vitamin E did not reduce outer hair cell death (P40.05); on the contrary, significant difference was observed when group IDB + vitamin E was compared with group IDB + 1/2 dose vitamin E.
Outer hair cell loss was observed in a small area of the cochlea 12-17 mm from the apex with a decreasing pattern in the transitional area and a typical gradient from the first to the third row (Fig. 2b) . Damage was most severe in noise control group, and there was only sporadic loss of inner hair cells through the entire basilar membrane in all groups. Cochleae of vitamin E-protected group showed better preservation from acoustic trauma as compared with IDB; the coadministration of both IDB and vitamin E did not improve hair cell survival, relative to vitamin E group. Interestingly, protection in group IDB + 1/2 dose vitamin E was similar to vitamin E group.
TUNEL method was used to detect DNA fragmentation in the nuclei of apoptotic cells (arrows in Fig. 2c ) at day 1 after noise exposure. The cochleae from noise-exposed animals showed TUNEL-positive labelled nuclei within outer hair cells and non sensory cells in the region of the cochlea corresponding to the area of severe damage (see representative cochlea of noise controls, Fig. 2c ). At this time, only few outer hair cells were lost in noise control animals (arrowhead in Fig. 2c ). Treatment before noise exposure with either IDB or vitamin E decreased the Fig. 1 The graphs show the mean threshold shift values and standard deviations of noise controls and treated animals at 1h, 3 days, 7 days and 21 days. One hour after noise exposure, IDB pretreatment was most e¡ective. At day 3, ABR threshold shift was signi¢cantly attenuated in all the groups (Po0.05) with respect to control; the greatest attenuation (40 dB) was observed in vitamin E and IDB + vitamin E groups. At day 7, there was recovery of threshold shift in all treated groups; vitamin E attenuation was the most consistent. At day 21, threshold shift recovery for each group tended to plateau and no statistical signi¢cance was observed between vitamin E group and IDB + vitamin E group (P¼0.41) and between IDB + vitamin E group and IDB + 1/ 2 dose vitamin E group (P¼0.24). IDB, idebenone; ABR, auditory brainstem response.
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2 7 9 number of apoptotic cells (Fig. 2 group IDB and group vitamin E). No obvious differences were observed between groups IDB and IDB + 1/2 dose vitamin E.
Discussion
Functional and morphological data of the present study confirm the authors' earlier observations [5] and the hypothesis that IDB protection may be related to its antioxidant properties is also confirmed. In this study, the authors also tested vitamin E administration in NIHL and observed a trend of protection comparable with that of IDB. Similarly, the coadministration of IDB+vitamin E produced a comparable attenuation of NILH.
Overall, the results of the present study can be summarized as: (a) both IDB and vitamin E groups attenuated noiseinduced threshold shift and decreased noise-induced outer hair cell loss; (b) vitamin E provided nearly 80-95% protection against NIHL, without a significant increase of efficacy when coadministered with IDB at the same doses (IDB + vitamin E group); (c) the coadministration of IDB and 1/2 dose vitamin E provided slightly less final protection than vitamin E administration alone; (d) IDB was, however, many times more efficient than vitamin E when administered immediately after noise trauma separately or in combination with 1/2 dose vitamin E and (e) finally, the permanent threshold shift and morphological changes, as determined 21 days after the acoustic trauma, may reflect the alterations taking place at the core of lesion whereas the reversible changes may indicate secondary damage occurring in the surrounding tissues, whereby the antioxidant drugs increased cell survival. The authors' results on the antioxidant efficacy of IDB and vitamin E are consistent with data in the literature [5, 8, 9, 14, 17] . The results of this study, however, do not support a synergistic inhibition of oxidative stress in NIHL by vitamin E and IDB. It follows that discussion will concern mainly the antioxidant properties of the two drugs.
Comparison of the protective strategy between idebenone and vitamin E IDB intercepts free radicals in both aqueous phases and lipid-water interfaces; it exerts its pharmacological action as an electron carrier after conversion to its hydroquinone form (reduced form) in the mitochondrial respiratory chain and as an antioxidant by blocking lipid peroxidation. It follows that IDB attenuates the toxicity of O 2 KÀ and H 2 O 2 by scavenging those reactive species, which would function as secondary and more potent mediators of oxidant damage. IDB is rapidly absorbed and reaches peak concentrations in the brain comparable with those in plasma [18] .
Vitamin E is an excellent hydrogen atom donor toward free radicals and particularly toward peroxyl radicals. It reacts with peroxyl radicals much faster than lipids and it may scavenge more than 90% of peroxyl radicals before the radicals attack lipids. The relative rate of scavenging of vitamin E, however, depends on the localization of radicals. Tocopherol-binding/tocopherol-transfer proteins have been found in many tissues and a novel binding protein has been identified to be preferentially expressed in brain and liver [19] . The mobility of the antioxidant in the membranes and lipoproteins is another important factor that determines antioxidant activity. It has been reported that the rate of scavenging free radicals by vitamin E decreases as the radical deepens into membranes. In addition, when an antioxidant scavenges a free radical, it is generally converted to a radical itself, thus the fate of the antioxidantderived free radical can determine antioxidant activity. Vitamin E radical may either scavenge another radical to give a stable product or it may be reduced by a reductant such as ubiquinol to regenerate vitamin E or it may react with the substrate to give active free radicals that may start a chain reaction: in this case it will not act as an antioxidant [17] . Finally, the last consideration is regarding the collaboration between antioxidants. The synergism may be related to the reductant activity as reported for ascorbic acid [15] or simply to an additive effect of the combination. The radical-scavenging hydroquinones are, however, readily autoxidized, which results in diminution of their antioxidant capacity, both in rate and duration [20] . Vitamin E is reported to suppress autoxidation of hydroquinones while they in turn reduce vitamin E radical [17] . Their combination should have yielded a synergistic effect, but this was not the case. Only during the peritraumatic period, IDB and its combination with vitamin E showed a greater antioxidant capacity in agreement with earlier data [5] . Explanation of the IDB early effect could be ascribed to its hydrosolubility [9, 18] . At day 3, however, vitamin E antioxidant activity was more potent and nullified IDB protection. Only when the coadministration of vitamin E dose was diminished, the IDB effect could be observed and it paralleled IDB effect alone. Interestingly, vitamin E dose could be one of the elements that make the difference in the synergism between the two antioxidants. It could thus be hypothesized that there is a competition between the two antioxidants either for binding/transfer proteins and/or for scavenging mechanisms in the lipophilic domain of membranes and lipoproteins. Alternatively, it could also be the case that there is an early prooxidant activity of vitamin E [19] which is hindered by IDB during the peritraumatic period but, by day 3, the availability of vitamin E is elevated and it becomes competitive with IDB.
Conclusion
The antioxidant activity of vitamin E and IDB was not additive, rather a degree of competition was observed, suggesting that these compounds may share some common site(s), mechanism(s) of reduction and transfer mechanism responsible for the protective effects.
